ABSTRACT
I5
N balance calculations. Failure to include direct plant N losses when calculating an N budget leads to overestimation of losses from the soil by denitrification, leaching, and ammonia volatilization. Proper accounting for volatile plant N losses may improve management strategies that affect N fertilizer use efficiencies.
T HE TOTAL AMOUNT OF N in aboveground biomass
(grain plus stover) of annual grain crops generally reaches a maximum well before maturity, often followed by a subsequent decline (Wetselaar and Farquhar, 1980) . Virtually all reported plant N losses occur after anthesis and are generally greater at higher levels of soil N. Exudation of N from living roots has been cited as a possible explanation, although substantial translocation of N to the roots of annuals after anthesis has not been demonstrated. Published research suggests that any post-anthesis N loss from roots would be small (Daigger et al., 1975; Wetselaar and Farquhar, 1980; Martin, 1987) . Smith et al. (1983) rejected the hypothesis that N is redistributed to the roots near maturity in winter whet (Triticum aestivum L.). Their data indicated that under N conditions ranging from deficient to excessive, that the reverse was actually true with roots serving as a source of N remobilized to the grain during final maturation processes.
Substantial post-anthesis N losses for wheat ranging from 25 to 80 kg N ha-1 (Daigger et al., 1976) , 5.9 to 7.4 kg N ha-1 (Harper et al., 1987) , and 14.9 to 76.9 kg N ha-1 (Papakosta and Gagianas, 1991) were attributed to N volatilization from the aboveground biomass. For soybean [Glycine max (L.) Merr.], Stutte et al. (1979) estimated that at least 45 kg N ha-1 was lost from the foliage because of N volatilization. Although, both reduced and oxidized forms of volatile N have been shown to be released from plant tissue, the prevalent form of post-anthesis loss is NH 3 (Harper et al., 1980; da Silva and Stutte, 1981; Weiland and Omholt, 1985) . Harper et al. (1987) attributed these losses mainly to NH 3 volatilization resulting from inefficient N translocation and reassimilation within the plant during senescence. Volatile N losses from cultivated crops may play a significant role in the systematic spatial and temporal variations noted in atmospheric NH 3 concentrations (Lemon and Van Houtte, 1980; Cadle et al., 1982; ApSimon et al., 1987) , especially in areas with little livestock production.
The effects of vegetative N losses on N balance calculations are typically not emphasized. Legg and Meisinger (1982) , in a review of 15 N balance studies with corn, cited "unaccounted for" fertilizer N losses ranging between 6 and 28%. Most N balance calculations are made at maturity and assume gaseous loss (mainly from denitrification) as the major cause of unaccounted for N losses. However, ignoring volatile N losses from aboveground plant biomass may lead to erroneous conclusions regarding fertilizer N recovery and denitrification.
Accounting for these N losses may play an important role in developing cropping systems to improve N fertilizer use efficiencies and reduce adverse environmental impacts. A better understanding is needed of the magnitude of loss and pathways involved. This is especially true for corn production which relies on high N fertility levels. Unfortunately, little information is available on volatile N losses from field-grown corn plants during maturation. The objective of this study was to quantify, under field conditions, postanthesis N losses from the aboveground biomass of irrigated corn under different N regimes.
MATERIALS AND METHODS
Data generated from two irrigated corn studies in Nebraska, the first on a Hall silt loam (fine-silty, mixed, mesic Pachic Argiustoli) soil and the second on a Wood River silt loam (fine, montmorillonitic, mesic Typic Natrustoll), were evaluated for uptake and subsequent loss of tagged N from the al:.oveground biomass. The first study was designed to quantify the effect of nitrate in irrigation water on N fertilizer recovery. This experiment contained both enriched and depleted ~SN fertilizer components. For N budget analysis of the soil-plant system, rnicroplots treated with enriched ~SN were utilized. These microplots were constructed by trenching rectangular blocks of soil (0.76 by 1.2 m) to a depth of 1.2 m. To prevent the lateral movement of ~SN-labeled fertilizer out of the plot and to ensure that the plant's nutrient supply was coming from within the plot area, the resulting soil blocks were wrapped to a depth of 1..1 m with polyethylene plastic sheeting. The trenches were backfilled from the outside to keep the plastic in place. Approximately 0.15 m of plastic sheeting was left exposed above the soil surface where it was supported by a wooded frame.
Plant N uptake was monitored during the growing season by destructive whole plant sampling. Depleted ~SN fertilizer was used on these plots for economic reasons. Depleted plots were constructed in the same manner as the enriched plots above, but had a larger surface area of 4.65 m 2. Fertilizer treatments in this experiment (0, 50, 100, and 150 kg N ha-l) were sidedressed as NH,~NO3 solution at the V3 growth stage (developmental stages according to Ritchie et al., 1986) . Soil water status was monitored using a neutron probe and the crop was irrigated as necessary. To reduce the leaching potential of any subsequent rainfall, irrigation amounts were controlled to maintain a soil water deficit of at least 4 cm of water below field capacity for the rooting profile. The goal was also to have a 50% water deficit in the top 1.8 m of soil at the end of the growing season.
Stauffer $7767 hybrid was planted 1 May 198,'!. Shortly after emergence, plants were thinned to a population of approximately 64 500 plants ha-~. Six plants were collected from each depleted ~SN plot at the 12th leaf (V12), tasseling (VT), blister (R2), and physiological maturity (R6) growth stages.
The original objective of the second study being evaluated for N loss from aboveground biomass was to assess b! fertilizer recovery and the subsequent uptake of residual N by winter cover crops. Pioneer brand hybrid 3379 was planted 3 May 1990 in 0.76-m spaced rows at an approximate population of 69 000 plants ha -1. The experimental design was a randomized block with four replications. Plots were six rows wide by 18 m in length. The N treatments were applied zt the V3 growth stage as depleted (NH4)2SO,~ and ranged from 75 300 kg N ha-1. Irrigation was conventional furrow applied to every other row. Irrigation scheduling was by soil-water budgeting procedures, with evapotranspiration values determined by the local county extension office. Total aboveground biomass (six plants each plot) was collected at silking (R1), (R3), dent (R5), and physiological maturity (R6) growth stages.
For both studies the plant samples were separated into leaf, stalk, and grain components with the cob and husks being included with the stalk material. The plant material was ovendried at 65 °C, weighed, ground, and analyzed for total N and N isotope ratio with an automated N analyzer and s~:able isotope mass spectrometer (ANCA-MS, Carlo Erba Instr., Milan, Italy, and Europa Scientific, Crewe, England) (Schepers et al., 1989) .
RESULTS

AND DISCUSSION
In the first experiment, no significant differenc~.s within N rates were noted in the total amount of N accumulated by corn between R2 and R6, but there was substantially less fertilizer N in the aboveground plant material by R6 as compared to R2 (Table 1) . Grain yields for the 0, 50, 100, and 150 kg N ha -~ fertilizer rates averaged 9.3, 10.6, 10.9, and 10.6 Mg ha -~, respectively. Between the blister stage (R2) and physiological maturily (R6), an average of 15, 17, and 20% of the applied fertilizer had been lost from the aboveground biomass for the 50, 100, and 150 kg N ha -1 fertilizer rates, respectively. Harper et al. (1987) reported similar losses with an amount equivalent to 21% of the applied fertilizer being lost as volatile NH 3 from wheat plants during senescence. Working with late season applied 15N and two corn hybrids with differing leaf-canopy senescence, Ta and Weiland (1992) found significant losses in plant tSN content between 104 d after planting and physiological maturity. Their losses when pooled across N fertility levels were equivalent to 10% of the 15N that was applied at the R1 growth stage.
Although our enriched ~SN microplots did not provide information for growth stage N uptake comparisons, they did permit completion of an N balance budget (Table 2) By comparison, the amount of fertilizer N lost from the aboveground plant material in the adjacent depleted ~SN plots between growth stages R2 and R6 (Table 1) represents 52 to 73% of the total unaccounted for fertilizer N in the enriched ~SN microplot budgets (Table 2) . Previously, soil N loss processes were assumed to be primarily responsible for the unaccounted for N, even though care was taken to avoid conditions favorable to denitrification and leaching. Considering the conditions maintained in this study, it appears more likely that postanthesis volatile N losses from the aboveground biomass may represent a major mechanism for the N loss and could account for a large portion of the unaccounted for 15N, although no direct measurements of plant volatile N loses were made.
A fraction of the unaccounted for N may also be related to volatile N loss occurring earlier from younger plants (pre-anthesis). Hooker et al. (1980) and Morgan and Parton (1989) reported 3 volatilization fr om wh eat shoots during vegetative growth, although at rates much lower than in post-anthesis emissions. Conceivably, some volatile N losses from corn plants may occur Continuously over the full growing season and only become detectable from aboveground plant tissue when the rates of loss exceed the rates of uptake by the roots. This problem of detection represents a major weakness in calculating N loss as the difference between the maximum N content of the crop at some intermediate growth stage and that found at physiological maturity.
Implicating plant volatilization as a means by which substantial amounts of N may be lost from the soil-plant system for many grain crops does not imply that total N losses from the soil-plant system are greater than current estimates indicate, but rather that a grater proportion of the loss is in the NH 3 form and coming from the plant rather than the soil. However, this information has major implications in the development and interpretations of strategies to improve N fertilizer use efficiencies.
In the second experiment, maximum N accumulation occurred at the R3 growth stage (Table 3 ). Significant decreases in the total amount of N accumulated in the corn plants occurred between growth stages R3 and R5 for all but the lowest fertilizer rate. In addition, the greatest decline in fertilizer N recovery by aboveground plant material occurred between growth stages R3 and R5. Working with four corn genotypes, Reed et al. (1980) found that kernel N accumulation was linked more with leaf protease activity than with leaf nitrate reductase activity. For spring wheat, Morgan and Parton (1989) attributed the increased potential for NH 3 volatilization during maturation to changes in the balance between NH~-releasing reactions (deamination reactions, nitrate reduction, senescence-induced proteolysis) and NH~-uptake reactions (N transport and NH~-assimilation via glutamine synthetase) that shifts in favor of NH~-release, resulting in the establishment of new, higher steady-state tissue [NH~-] . Plant N losses noted during this time would be in agreement with the concept that N losses are associated with inefficient redistribution of N within the plant. Wetselaar and Farquhar (1980) propose that losses will be largest when stomatal conductance is greatest, as occurs with high light intensities, ample moisture, high temperatures, and high levels of nutrition, particularly N. All these conditions are usually present during the reproductive growth phase for corn. Farquhar et al. (1983) noted that because 3 can be both absorbed and released, a plant grown with labeled N fertilizer will tend to lose labeled N and gain unlabeled N even if the net flux is zero. This may happen, but it would not explain why the greatest loss of labeled N generally occurs late in the growth cycle. Parton et al. (1988) suggested that the rate and direction of plant 3 fluxes may vary according to a number of factors, including plant species, nutritional regime, plant phenology, microclimate, and atmospheric NH 3 level. Morgan and Parton (1989) reported that 3 compensation points (the ambient NH 3 concentrations at which no net exchange of NH 3 between plant and atmosphere occurs) rose as plants approached maturity and were unable to find any atmospheric NH 3 taken up by wheat plants as they approached maturity, despite increases in ambient [N-NH3] up to 25 ~g N-NH3 m -3. They also noted that under conditions of a continuous supply of nutrients to the roots, that N in the form of NH3/amines was lost from wheat shoots at ambient [N-NH3] throughout their ontogeny. These growth chamber findings are in agreement with field plot results of Harper et al. (1987) that N was lost as volatile NH3 from plants after fertilizer application and during the senescence period. Results from the above studies suggest that NH 3 losses from plants may be due to high internal NH~-concentrations which apparently saturate the N transport system. Because NH,~ is toxic to tissue and not stored as such by plants, it appears that these losses may be the result of inefficient NH~ assimilation.
Nitrogen in grain can come from remobilization from leaves, stems, and roots, or from post-anthesis soil N uptake and assimilation. Pearson and Jacobs (1987) note that the majority of experiments with corn show approximately 40 to 50% of grain N is taken up from the soil after anthesis. For winter wheat, Harper et al. (1987) found similar results with roughly half the grain N coming from redistribution within the plant, with the balance assimilated directly from the soil after anthesis. They also reported that as this assimilation occurred in the wheat kernel, approximately 11% of the potential N available for redistribution from stems and leaves was lost as volatile NH 3. Based on results from Exp. 2 (data not shown), it also appears that about half the corn grain N came directly from the soil; however, translocation losses were greater than the 11% found for wheat with this particular corn hybrid, and perhaps larger losses may occur for corn in general. Average grain yields were 3. 6, 6.8, 9.3, 10.3, and 10 .3 Mg ha -1 for the 0, 75, 150, 225, 300 kg N ha -1 fertilizer rates, respectively. The amount of tagged fertilizer N accumulated in the corn grain between growth stages R3 and R6 accounts for only 20 to 50% of the labeled fertilizer N removed from leaves and stalks during this period (Table 4) . For these two studies, measured fertilizer N losses from the aboveground plant material ranged from 7 to 34 kg N ha -1. Total N losses from the abc,veground biomass would be greater if we consider nonfe:rtilizer N. Tagged and apparent non-tagged N losses should be proportionate to their ration in the plant, assuming there is no selectivity for N source (i.e., 15N vs. 14N) as N volatilized from the plant. Additionally, if the direction of plant NH 3 fluxes is affected by the nutritional regime, soil inorganic N concentrations in these two studies (data not shown) increased during the reproductive growth phase, indicating a continuous supply of N to the roots. After adjusting labeled N losses for isotope dilution, the calculated N losses from the aboveground plant material ranged from 49 to 78 kg N ha-~ in Exp. 1, and 45 to 81 kg N ha -~ in Exp. 2 (Fig. 1 ).
Isotope dilution calculations will underestimate total N losses if fertilizer N is being taken up at the same time it is being lost from plants. This situation may explain the lower losses noted at the 225 and 300 kg N ha-f ertilizer rates. High N fertilizer rates would increase the probability that some plant available fertilizer N would be in the soil inorganic N pool late in the season. An ample supply of N typically increases N turnover rate, thus increased availability of fertilizer N late in the growing season under high N application rates is often associated with mineralization of earlier immobilized fertilizer N.
The hypothesis that the apparent decrease in plant N losses at the 225 and 300 kg N ha -~ fertilizer rates is related to late season uptake of tagged N fertilizer may be supported by results relating N loss to leaf area. Parton et al. (1988) reported that 3 loss ra tes fr om wh eat on a leaf area basis were similar for both low-N and high-N plants despite higher tissue N concentrations in high-N plants. They concluded that differences in amount of NH3 loss was related to low-N plants having a much smaller leaf area during maturation because of earlier senescence of lower leaves. Considering the senescence process, the leaf area explanation would be in agreement with most studies which show greater volatile N loss as fertilizer rates increase. High N fertility levels often increase leaf area indices, but the greatest difference during maturation is the ability to maintain a larger number of green leaves late in the season as compared with low N fertility levels.
Volatile N losses based on leaf area suggests that N losses would plateau once leaf area was maximized. Arnon (1975) reported that the size of individual corn leaves cannot be influenced after the time when the twelfth leaf is completely unfolded. If leaf area was maximized at the 150 kg N ha" 1 , volatile plant N losses should also be maximized and decreases from maximum rates would only occur from premature death of leaves caused by nutrient deficiencies. Assuming similar leaf senescence at the three highest N fertilizer rates in Exp. 2, any uptake and assimilation of tagged N from the soil during grain fill would be reflected as an apparent decrease in calculated plant N loss. The decreasing trend in plant N loss at the two highest fertilizer rates fit this N loss concept.
CONCLUSIONS
Post-anthesis fertilizer N losses from the aboveground biomass of corn plants ranged from 10 to 20% of the fertilizer applied. Isotope dilution (assuming no isotope discrimination during volatilization) suggests that apparent total N losses from the aboveground plant material ranged from 49 to 78 kg N ha-1 and 45 to 81 kg N ha-1 for the two corn hybrids studied under different N fertilizer regimes. Although not measured directly, volatile NH 3 losses from the aboveground plant material appears to be the most plausible explanation for the lost fertilizer N. Support for this hypothesis comes from other crop species where gaseous NH 3 losses have been shown to be the prevalent form of volatile N loss. Volatile NH 3 losses from aboveground plant material could account for much of the unaccounted for N losses found in soil N balance studies. Nitrogen balance calculations showed that apparent post-anthesis N losses from aboveground plant biomass accounted for 52 to 73% of our total unaccounted for fertilizer N in one study. It is possible that some of the labeled N losses may have resulted from gaseous isotopic exchange. Nevertheless, failure to include labeled N losses from aboveground plant biomass in N balance studies will lead to overestimation of N losses from soil by denitrification and leaching. Implicating plant N volatilization does not require an increase in the current estimates of total N loss from soil-plant systems, but it does imply that a greater proportion than currently thought may be coming directly from the plants. Understanding the magnitude and mode of N loss from the soil-plant system will be of practical significance in the development of strategies to improve N fertilizer use efficiencies.
